Autophagy and exosome secretion play important roles in a variety of physiological and disease states, including the development of age-related macular degeneration.
are involved in the activation of autophagy, including Beclin-1, autophagy-related proteins (Atg) 5-12 and microtubule-associated protein 1A/1B-light chain 3 (LC3), which passes from form I to form II in the autophagosome membrane. 7 Autophagy takes place naturally in cells, but can be enhanced in response to cellular stress, such as damaged DNA and excessive ROS. 8 Consistently, overproduction of ROS due to ethanol (EtOH)-induced damage, generates more autophagosomes. 3 Moreover, expression of cell death markers, such as Bax, seems to be enhanced in a concentration-dependent manner. Exosomes, extracellular vesicles (EVs) which range in diameter from 30 to 100 nm, 9 are essential in cell-to-cell communication as their cargo contain genetic material and a number of proteins, which may be delivered into neighbouring cells. 10 Invaginations in the late endosome membrane fills it with intraluminal vesicles (ILV), generating a multivesicular body (MVB), 11 which might fuse with autophagosomes or lysosomes, resulting in the degradation of the vesicles. 12 However, when an MVB fuses with the cell membrane, it releases the ILVs, now exosomes, to the extracellular medium. 13 Exosomes are found in most corporal fluids, including blood, saliva, breast milk and aqueous humour. [14] [15] [16] [17] Under stress, RPE cells release an elevated number of exosomes, which contain a different cargo from that observed in exomes derived from healthy RPE. [17] [18] [19] Moreover, increased production of ROS in the RPE generates overproduction of vascular endothelial growth factor (VEGF) and subsequent accelerated angiogenesis in the choroid. 20, 21 We observed that stressed RPE cells release a higher fraction of exosomes with VEGF receptor 2 (VEGFR2) in their membrane. When EC cultures were treated with such exosomes, the formation of new blood vessels was accelerated. 19 Correlations between autophagy and exosome release have been already suggested. [22] [23] [24] Interestingly, it was proposed that the interaction between autophagic vacuoles and MVBs contributes to the removal of superfluous organelles and proteins. 25 In fact, enhanced ROS increases the number of MVBs, which can be released or combined with lysosomes or autophagosomes, forming the amphisome, thus degrading their content. 26 Hence, overproduction of ROS increases autophagy activity and exosome release.
Exosomes have been observed in the extracellular medium of ARPE-19, a human RPE cell line. When ARPE-19 cells were challenged, they released a larger number of exosomes containing proautophagy factors such as Atg5-Atg12 and Beclin-1. 18 Furthermore, in a model of age-related macular degeneration (AMD), it has been proposed that exosomes released by stressed RPE cells are able to increase autophagy in other cells, and that this can contribute to drusen formation, an early symptom of AMD. 22 It has been recently hypothesized that exosomes and autophagy work in concert to maintain cellular homeostasis. 23 Conversely, the release of exosomes has been shown to damage neighbouring cells. 27 In the present study, we intend to establish a link between two phenomena: autophagy and exosome release in RPE cells under OS. We also aim to study the contribution of these two cellular mechanisms to the regulation of angiogenesis. Human umbilical vein endothelial cells (HUVEC) were isolated as described previously. 30 Briefly, umbilical veins were perfused with 1% collagenase solution and incubated at 37°C for 15 minutes.
Endothelial cells were recovered in specific endothelial growth medium (ENDOPAN) (Lonza, Cultek, Barcelona, Spain). For all experiments, HUVEC growth in 2% FBS growth factor-free Endopan medium.
| Exosome isolation and size-distribution
First, culture supernatant was centrifuged at 700 g for 30 minutes
(18-20°C). The pellet was removed and the supernatant centrifuged again at 14 000 g for 30 minutes. Then, the supernatant was centrifuged at 40 000 g for 30 minutes. Subsequently, the supernatant was centrifuged at 120 000 g for 90 minutes (18-20°C) . Finally, the supernatant was removed and the pellet stored at 4°C until further processing. Exosome identity was confirmed by the nanoparticle tracking system NanoSight NS300 following manufacturer protocols (Malvern Instruments, Malvern, UK). 
| Quantitative analysis of exosomes by flow cytometry
Flow cytometry is an exceptional method to detect, quantify and characterize EVs. The small size and dim signal from most vesicles challenge the sensitivity of flow cytometry. Indeed, several laboratories have reported that 0.5 lm is the cutoff value for accurately identifying extracellular vesicles using previous generation flow cytometers. 31 However, the use of new digital flow cytometers have allowed to detect EVs below this limit, thereby providing access to measurement of vesicles subpopulations of smaller size. 32 In the pre- 
| ATG7 silencing
Silencing mix was prepared with 500 and 2.5 lL of RNAiMAX 
| Tube formation assay
The day before seeding the cells, the growth factor-reduced Matrigel (BD Biosciences) was placed on ice in the refrigerator at 4°C and cultured HUVEC were starved overnight. The following day, 10 lL of gel were applied to each inner well of a l-slide Angiogenesis (Ibidi, Martinsried, Germany). The whole assembly was placed into the incubator for poly- For silencing VEGFR2 in ARPE-19 cells the protocol was the same, but 1 9 10 6 cells were seeded in a P100 well plate until confluency. Forty-eight hours after the silencing process, exosomes from the medium were isolated.
| Sprouting assay
Fibrin gel bead sprouting assay was performed as previously described. 33 Briefly, Cytodex Significance levels: (when compared to control) P < .05 (*), P < .01 (**) and P < .001 (***); (when compared to treated with 80 mmol/L group) P < .05 (#) and P < .001 (###) protein Bcl-2 appeared to be elevated in stressed conditions, when total EVs/mL were studied ( Figure 2B , left panel). However, when low stress was applied, the Bcl-2 fraction was significantly lower ( Figure 2B , right panel). At high stress conditions, the fraction of Bcl-2-positive exosomes did not differ from the control set ( Figure 2B ).
Additionally, proteins necessary for the formation of the autophagosome-Atg12, p62 and Beclin-1-were tracked. The total amount of exosomes expressing Atg12 was increased by three-fold in culture medium of low-stressed ARPE-19 cells, and by two-fold in medium of high-stressed cells ( Figure 2B , left panel). The ratio Atg12/CD9 was also raised under low-and high-stress conditions ( Figure 2B , right panel).
When autophagy was inhibited by Atg7 siRNA, exosome release was also decreased, in stressed and nonstressed ARPE-19 cells (Figure 2C) . Surprisingly, the fraction of released exosomes p62-positive increased dramatically after Atg7 interference in control and stressed RPE cells ( Figure 2D ). However, Beclin-1/CD9 ratio was drastically reduced after treatment with Atg7 siRNA, whether the cells were stressed or not ( Figure 2E ).
Increasing evidence indicates that impaired autophagy is associated with angiogenesis, both in the development of the chicken embryo, 34 where Atg7 plays an important role, as in the choroidal RF/6A cells, where hypoxia-induced autophagy stimulates EC growth. 35 It is already known that the stress caused by EtOH at low concentrations induces autophagy 2 and increases the expression of Significance levels: (when compared to control) P < .05 (*), P < .01 (**) and P < .001 (***); (when compared to treated with 80 mmol/L group) P < .01 (##) and P < .001 (###) fewer VEGFR2-positive exosomes/mL and the percentage of exosomes carrying the protein was also considerably decreased ( Figures 3C and S3C ).
| RPE-derived exosomes and angiogenesis
Once oxidative stress-low or high-was induced, RPE cells released a higher number of exosomes, which contained a different cargo, from the original, healthy, RPE-derived exosomes. This new load enclosed, among other proteins, VEGF receptors that were able to fasten the generation of new blood vessels. 19 To link OS with autop- Sprouting angiogenesis is a fundamental mechanism in vessel growth. It is known that low-stress conditions increased the sprouts formation in ECs. 36 After 4 hours of treatment with exosomes in HUVEC cultures, we observed that exosomes from Atg7 siRNA-treated cells decreased the ability to form sprouts, compared to the group treated only with low concentrations of EtOH ( Figure 4B ).
These findings suggest that stressed RPE derived EVs-which, as mentioned above, carry a high population of VEGFR2-positive exosomes-are essential in the development of aberrant blood vessels.
| Angiogenesis of HUVEC is VEGFR2-dependent
VEGFR-2 became activated (phosphorylated) after adding RPEderived exosomes to HUVECs, and its activation increased further when the exosomes added were derived from low-stressed RPE cells ( Figure 5A ).
In order to determine whether VEGF was needed for the activation of VEGFR2 upon the addition of exosomes, recombinant soluble Flt1-Fc, commonly used to trap VEGF, was added to HUVEC cultures together with RPE-derived exosomes. When RPE-derived exosomes, from healthy and low-stressed RPE cells were added to HUVEC cultures, total length of the tubes increased ( Figure 5B ). (when compared to control) P < .05 (*), P < .01 (**) and P < .001 (***); (when compared to treated with 80 mmol/L group) P < .05 (#) and P < .01 (##)
Interestingly, when Flt1-Fc was added to the medium-arresting VEGF-total length of the tubes did not decrease (as it would be expected if it was VEGF-dependent; Figure 5B ), indicating that the positive angiogenic effect of exosomes is VEGF-independent.
To determine whether the increased tube formation observed is due to the increased activated VEGFR2 observed upon the addition of the exosomes, we inhibited VEGFR2 expression in HUVECs by siRNA ( Figure 5C . Significance levels: P < .05 (*), P < .01 (**) and P < .001 (***)
| Angiogenesis is enhanced by VEGFR2 from

RPE-derived exosomes
In order to investigate whether the VEGFR2 derived from the RPE cells is responsible for inducing angiogenesis, we knocked down VEGFR2 in control, low-stressed and high-stressed RPE cells (Figure 6A) . Subsequently, exosomes were isolated and VEGFR2 levels were quantified ( Figures 6B and S6 ). It was observed that the fraction of exosomes expressing VEGFR2 was dramatically reduced in every case ( Figure 6B ). EVs were then added to HUVEC, and the formation of new blood vessels was studied afterwards. HUVEC treated with control RPE-derived exosomes, transfected with siRNA control or with VEGFR2 siRNA, presented no differences in tube formation ( Figure 6C , left panels; quantification in Figure 6D ). Lowstressed RPE-derived exosomes were added to HUVEC cultures.
When these exosomes came from RPE cells where VEGFR-2 had been silenced, new blood vessel growth was significantly lower than those HUVEC nontreated with VEGFR2 siRNA ( Figure 6C , centre Figure S4 . Values are expressed as mean AE SEM (N ≥ 3). Significance levels: P < .01 (**) and P < .001 (***) panels; quantification in Figure 6D ). High-stressed RPE-derived exosomes applied to HUVEC had the same influence in tube formation, when VEGFR2 siRNA was applied and when it was not ( Figure 6C , right panels; quantification in Figure 6D ). These observations thus suggest that VEGFR2 from low-stressed RPE-derived exosomes is necessary for inducing tube formation. Several studies have described the link between autophagy and exosome biogenesis in disease. Bhattacharya described how both mechanisms work together in pancreatic tumour cells. 43 Wang described how autophagy and RPE exosomes work together in the formation of drusen in AMD. 22 We have altered autophagy in ARPE-19 cells by silencing the gene that encodes for Atg7. Atg7 mediates the conjugation of other proteins during autophagy, such as Atg3 and Atg8, which has a number of orthologues in mammals, including LC3. 44 Thus, after silencing Atg7 with a specific siRNA, the autophagosome cannot be formed. In such an experiment one might expect a higher number of MVBs ready to fuse with the cell membrane and liberate their content, thus releasing exosomes. However, we observed that the number of exosomes was reduced. Thus, it is possible that MVBs were degraded by lysosomes via an independent autophagosome pathway. 23 It has been previously established that EVs, particularly exosomes, play a central role in the proliferation, migration and tube formation of endothelial cells in different biological systems-in both physiological and pathological scenarios-by either increasing 45, 46 or reducing 47 angiogenesis. Furthermore, RPE cells seem to release specific exosomes through the basolateral membrane towards the choroidal ECs. 48, 49 These exosomes. An earlier study showed that stressed RPE cells released numerous exosomes expressing VEGFR2 which, when exposed to endothelial cells, hasten their growth. 19 Since autophagy influences exosome formation, its reduction in stressful conditions might also reduce angiogenesis, as observed in Figure 3 . It is well established that VEGFR2 mediates migration of endothelial cells during angiogenesis, 50 which can be activated by heat shock protein 20 (Hsp20). 51 Even though physiological development and maintenance of the choriocapillaris requires RPE-derived VEGF, 52,53 our observations showed that endothelial cells were still forming tubes when VEGF-A and -B were blocked using a trapper, thus pointing that the pathological mechanism might occur in a VEGF-independent manner.
| DISCUSSION
New blood vessels formed during AMD or DR, like tumour vessels, are abnormal, and it has previously postulated that their growth might occur via alternative VEGF-A pathways. 54 Apparently, as aforementioned, stress-induced abnormal angiogenesis can occur independent of VEGF-A, and the pathway is not clear yet. What is clear is that VEGFR2 is activated during abnormal angiogenesis and that RPE-released exosomes are contributing with their own cargo of receptors. When VEGFR2 was inhibited in HUVEC-by means of a VEGFR2 siRNA-tube formation was arrested. When VEGFR2 expression was inhibited in RPE cells and the released exosomes were added to HUVEC cultures in a consistent manner, we observed that tube formation was significantly reduced. These last outcomes point that, even when endogenous endothelial VEGFR2 is critical for the growing of abnormal blood vessels, external input from RPE-derived exosomes might be decisive for the distinctive angiogenesis observed in neovascular eye diseases, such as AMD and DR, and that this exosome release is directly related to autophagy.
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